Breath figures refer to the patterns formed when vapor condenses into the liquid phase on a surface, revealing heterogeneities in topography or chemical composition. These figures are composed of micro-droplets, which scatter light and produce optical contrast. Differences in hydrophobicity imposed by surface features or contaminants result in a difference in micro-droplet densities, which has been used in applications such as substrate independent optical visualization of single layer graphene flakes. Here, we show that transient phenomena, such as the pinning transition of micro-droplets condensed over a polymer surface, can be used to enhance the optical contrast even when the time averaged difference in micro-droplet densities is not substantial. Thus, this work opens a new way of visualizing surface heterogeneities using transient phenomena occurring during condensation or evaporation of micro-droplets as opposed to only using time averaged differences in wettability due to the surface features. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4976313] Condensation, wetting, and evaporation of liquids on surfaces are basic natural phenomena associated with many of our daily activities such as washing, cleaning, and writing as well as industrial applications such as printed electronic device manufacturing. The effect of environmental conditions 1 and the physical and chemical properties of the surface interacting with the liquid 2 have been studied extensively. The characteristics of these phenomena on a surface can give us insights about the interactions between the liquid, solid surface, and the environment. Based on such insights, recent studies have demonstrated optimal surfaces for water harvesting, 3 sensors for ambient humidity monitoring, 4 and so on. Heterogeneity in condensation of water vapor on surfaces has been used previously to image microscopic features. 5, 6 Such images have been referred to as "breath figures" in the literature. 5 Breath figures have also been used to image single layer graphene flakes on several non-traditional substrates, based on the hydrophobic contrast between the substrate and graphene. 6 In these examples, a difference in hydrophobicity gives rise to selective condensation of water vapor on parts with higher wettability, thus providing an optical contrast. In the case of previous studies, there was a significant hydrophobicity contrast between the different regions under consideration, e.g., single layer graphene has a contact angle difference of more than 50 degrees relative to a glass substrate. 7, 8 Such large differences in hydrophobicity result in significant preferential condensation on the surface with higher wettability, leading to high optical contrast, which was exploited in previous works. 6, 9, 10 Here, we show that transient effects during droplet evaporation can enhance the optical contrast allowing visualization of surface heterogeneities even in the absence of a significant difference in wettability. The studies reported here were made from ultra-thin layers of polyelectrolytes (2-20 nm thick) (PE) where the hydrophobic contrast relative to a glass surface was less than 10 degrees, which is substantially smaller than the hydrophobic contrast of systems reported previously (Table I) .
Due to the difference in wettability, a preferential rate of condensation is expected and is indeed observed. However, time-resolved observation of the condensation and evaporation processes revealed that a larger contribution to the average optical contrast arose from a pinning transition during evaporation of droplets sitting on the PE surface. Such a pinning was not observed during evaporation of the droplets sitting on the glass surface. The pinning effect was observed to be stronger for smaller droplets. The size of the droplets in our system ranged from 1 to 5 microns in diameter, unlike other studies of droplet condensation and evaporation phenomena where droplet diameters were larger than 100 microns with observation times of the order of 100 s of seconds. [12] [13] [14] [15] We used a periodic array of PE spots to study droplet condensation and evaporation phenomena and used the first order diffracted signal from this periodic pattern to quantify the optical contrast. In addition, we used video microscopy ($50 ms sampling rate) to directly measure the evolution of the number density, size, and shape of the droplets during condensation and evaporation. The difference in coverage of droplets on the PE and the glass surfaces peaked after the pinning transition of the droplets on the PE surface. This peak directly correlated with the maximum optical contrast indicated by a peak in the first order diffracted signal. The work reported here presents a new way to visualize heterogeneities on a surface using differences in transient response of evaporation or condensation as opposed to only using time averaged differences in wettability. Thus, the technique of breath figures for imaging could be applied to systems, which may not have a large (time-averaged) wettability difference.
For carrying out the experiments, cationic and anionic polyelectrolytes, poly(allylamine hydrochloride) (PAH, Mw a)
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Published by AIP Publishing. 110, 071602-1 $17 500) and poly(acrylic acid) (PAA, Mw $450 000), respectively, were purchased from Sigma Aldrich. They were used as received, without any further purification for the preparation of 0.01 M polyelectrolyte solutions based on their repeat unit molecular weight. The solutions were prepared using a 0.1 M NaCl solution, and the pH values were adjusted to 5.5 with 0.1 M NaOH and 0.1 M HCl. Ultrapure Deionized (DI) water (resistivity >18 MX cm) was used in the preparation of these chemicals as well as in the humidifier used for the experiments.
The samples were prepared on glass (SiO 2 ) surfaces, thermally grown on silicon (Si). The Si wafers were cleaned using the RCA process 16 before oxidation. A $140 nm thick oxide layer was grown on Si using wet oxidation. The oxide layer (SiO 2 ), which we refer to as glass in this article, was cleaned using a piranha solution before fabrication of the polyelectrolyte array.
Over the glass surface fabricated as described in the previous paragraph, a polyelectrolyte multilayer microarray (PEM-MA) was realized in a two-step fabrication process. In the first part of the process, an array of microwells (diameter 10 lm and period 20 lm) was created using conventional photolithography on commercially available photoresist S1813 (Microchem, USA). This involved spin coating of positive photoresist, S1813 (at 5000 rpm for $1.3 lm thick photoresist layer), exposure of the photoresist coated sample to UV (365 nm) radiation through a chrome mask at radiant exposure of 45 mJ/cm 2 and development using a MF-31 developer ($20 s developing time).
In the second part, the patterned substrate was alternatively dipped in cationic and anionic polyelectrolytes, PAH and PAA, respectively, to create the PEM-MA using a technique described in detail previously. 17 The dip cycles were of 1 min duration with a DI water rinse step of 1 min duration after each dip. The dip cycles were repeated to obtain the required number of bilayers. Finally, the photoresist along with the polyelectrolytes coated over it was stripped off using acetone while the polyelectrolytes attached to the glass regions remained adhered to the surface. Multiple samples were fabricated with 0.5, 1.0, 4.5, and 5.0 bilayers. The thickness of these multilayer samples is typically around 3-4 nm per bilayer. 17 The periodic array of PEM (diameter 10 lm and period 20 lm) interspersed with native oxide (glass) regions was chosen in order to maintain uniform environmental conditions over the polyelectrolyte and the glass. The periodic patterns also provided a method to quantify the optical contrast using diffracted signals, as described previously, 18 in addition to video microscopy analysis. Figure 1 provides the schematic of the fabrication process and images of the features obtained.
The schematic of the experimental setup used for the studies described in this article is shown in Figure 2 (a). The setup consists of a thermodynamically open system at room temperature with a relative humidity (RH) value, which could be switched between "high" (RH > 90%) and "low" (RH < 50%) values. The high RH was obtained by pumping in air saturated with water vapor, whereas the low RH was obtained by cutting off the saturated air supply. As mentioned before, the uniformity of the environmental conditions over glass and polyelectrolyte regions was maintained by using an interspersed pattern of polyelectrolyte and glass surfaces. The evolution of water droplets was observed using an optical microscope (Olympus, BX51M) at 20 frames per second and camera (DP73) exposure times of 1 ms and 200 ms for bright field and dark field imaging, respectively. The evolution of the droplet shapes was analyzed from the bright field images using image processing with the help of the software package ImageJ. 19 The observations from imaging were correlated with the strength of the diffraction pattern obtained from the microarray pattern using a 5 mW, 635 nm semiconductor laser and two silicon photodetectors (Thorlabs, DET36A) for measuring the zeroth and first order diffracted signals. The zeroth order was measured directly using the first photodetector and an analog-to-digital converter whereas the first order signal was initially passed through a chopper and was measured from the second detector using an amplifier locked-in at the chopping frequency. Figure 2 (b) is a schematic showing the change in the diffraction intensity due to preferential retention of droplets on polymer pillars.
One of the first questions we wanted to explore was whether there is preferential condensation of water vapor over the polyelectrolyte or the glass regions. Preferential condensation may be expected due to the difference in hydrophilicity or surface roughness between the two surfaces. From analysis of the microscopy images, it was observed that the water droplets preferentially condense over the polyelectrolyte regions compared to glass. The radius of the droplets ranged from 0.7 lm to 1.4 lm (correspondingly, projected areas ranged from 1.6 lm 2 to 6 lm 2 ). The preferential condensation was quantified by calculating the ratio of fractional coverage of water droplets on the polyelectrolyte regions to the fractional coverage on the glass regions. The fractional coverage is simply the ratio of the sum of the projected areas of droplets covering each region (polyelectrolyte or glass) to the total area of the region. As shown in Figure 3(a) , the coverage of water is 3-7 times higher on the polyelectrolyte region compared to that on glass. It was also observed that, during repeated cycles of the high and low RH environment around the polyelectrolytes, the droplets tended to form on the same regions, as shown in Figure 3(b) . The image shows a 10 lm Â 10 lm region with a single polyelectrolyte pillar during different cycles of high RH. The edges of droplets were detected by thresholding and processing the images obtained in dark field microscopy. The figure shows that during repeated cycles of high RH, the droplets form at the same locations as expected in a heterogeneous nucleation process.
We then studied the temporal evolution of droplet size during the evaporation phase by recording the droplet images at 20 frames per second. Figure 4(a) shows the variations in area of 20 droplets (10 on polyelectrolyte and 10 on glass) during initial few seconds of time after the condensation of water droplets. The area was obtained from analysis of the microscopy images. It was found that evolution of the contact area of water droplets during evaporation is significantly different on glass and polyelectrolyte surfaces. Most notably, the droplets on the polyelectrolyte surface underwent a pinning transition during evaporation, which increased the lifetime of droplets on the polyelectrolyte surface relative to those on glass as explained in Ref. 20 . The time evolution of the projected droplet area was similar on glass and polyelectrolyte surfaces for larger droplets (>4 lm 2 ) but was significantly different due to the pinning transition for the smaller ones (<4 lm 2 ) indicating a size dependent pinning behavior. We define droplet lifetime as the duration of time over which the condensed droplet can be visualized under the microscope until it completely evaporates away (or more precisely, cannot be imaged any longer due to optical contrast limitation). The lifetime of droplets on the polyelectrolyte surface is longer due to the pinning transition. Figure 4(b) shows the intensity profile of a typical water droplet, as observed under a microscope. At the edges of the droplet, the light gets scattered resulting in lower and higher intensities of reflected and scattered light, respectively. Hence, the droplet edges can be recognized by tracking down the low intensity regions of a drop when observed in the bright field mode. The evolution of the intensity profile along a diameter of a typical water droplet (observed in bright field) on polyelectrolyte and on glass is shown in Figure 4 (c) and Figure  4(d) , respectively. Initially (at time ¼ 0) and finally (time >1800 ms), there is no water droplet and the intensity profile is uniform. A significant intensity variation along the diameter represents the presence of a water droplet with colors towards blue (low intensity regions) indicating droplet edges. Droplet pinning in the polyelectrolyte is evident as the distance between the edges remains unchanged over a longer time for the droplet on the polyelectrolyte (Figure 4(c) ) than that on glass (Figure 4(d) ). Moreover, the height profile and hence the intensity variations in the drops on glass are more abrupt than the drops on the polyelectrolyte, indicating another characteristic of droplet pinning in the polyelectrolyte.
The pinning transition implies that droplets (averaged over droplet size) stay for a longer time on the polyelectrolyte compared to the glass surface. This in turn implies that the optical contrast must reach a maximum at an intermediate point during the evaporation phase corresponding to the maximum difference in the projected area of droplets between the polyelectrolyte and the glass surfaces. We calculated the maximum differential projected area between the two surfaces using the captured images and confirmed that the maximum is reached at an intermediate point during the evaporation phase. The percentage of total area covered by droplets on PE (A P ) and on glass (A G ) as well as the corresponding contrast (A P -A G ) in a 0.5BL sample is shown in Figure 5 (a). In order to directly link this to the optical contrast, we measured the diffraction efficiency of this pattern during the condensation and evaporation phases. The zeroth order diffraction signal in the reflected mode is proportional to the average reflectivity of the surface whereas the power diffracted into the higher orders is proportional to the grating strength. 21 Figure 5(b) shows the variation of zeroth and first orders of the reflected diffraction pattern before (time <3100 ms), during (time ¼ 3100 ms to 5900 ms), and after (time >5900 ms) pumping in high RH condition. During the condensation phase, the zero order signal got reduced in magnitude. This is because the condensation of droplets results in increased optical scattering, which lowers the average reflectivity of the surface. However, as the condensation is preferential, there are more droplets in the polyelectrolyte regions compared to the glass surface and the structure acts like an amplitude diffraction grating. The first order diffraction signal increases during the condensation phase. Conversely, during the evaporation phase, the zeroth order signal increases while the first order signal reduces. Most importantly, the first order signal reaches a maximum during the evaporation phase (after the pumping is stopped at 5900 ms). It is worth mentioning that the first order signal is observable for about 7 s while the microscopy images are observable only up to about 3.5 s. This is due to the significantly higher sensitivity of the diffraction method for measuring small periodic optical variations, which has been explored previously for sensing applications.
18,22 Figure 5 (c) is a direct comparison of contrast measured from microscope and diffraction experiments. Even though the contrast and I 0 signals follow each other, they do not superimpose. This is attributed to the fact that contrast is calculated using the projected area of droplets whereas the diffraction signal is influenced by the vertical dimension as well (for instance, height of the droplets).
Finally, we looked at how droplet lifetimes scaled with initial droplet size (at the beginning of the evaporation phase). Figure 5(d) shows distribution of droplet lifetime as a function of droplet sizes (maximum projected area during their life time). The scaling is significantly different for droplets on the polyelectrolyte surface due to the pinning transition. The scaling exponent for glass was found to be 1.07 whereas that for the polyelectrolyte was found to be 0.3, implying that the pinning transition leads to weak dependence of lifetime on droplet size. We have demonstrated that, under identical environmental conditions, water droplets preferentially condensed over polyelectrolyte surfaces compared to the bare glass reference surface. The condensed droplets on polyelectrolyte and glass surfaces ranged from 0.7 to 1.4 microns in radius. The condensed water droplets over the polyelectrolyte surface displayed a size dependent pinning transition during the evaporation phase, which extended their lifetimes. This pinning transition enhances the optical contrast of surface heterogeneities. The observation of this pinning transition opens a new way of visualizing surface heterogeneities (possibly even sub-diffraction limit features) using transient phenomena during condensation or evaporation instead of depending on large time-averaged differences in hydrophobicity as demonstrated in earlier experiments. 
